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(54) METHOD AND APPARATUS FOR GENERATING HYDROGEN GAS BY DIRECT THERMAL 



mina group. Around the reactor 7 Is positioned a heater' 
9, and to an upper end of the reactor is connected a 
conduit 10, on which are provided a bypass 11, a N 2 
trap and a suction pump 14. 



(57) Water wapbr, which is generated by heating (to 
80°C) pure water within a steam generating apparatus 
1, is suppTted into a reactor 7 from a lower portion 
thereof through a mass-flow meter 6. In this reactor 7 Is 
filled zeolite, being a compound oxide of a silica-alu- 
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Description 

BACKGROUND OF THE INVENTION 

5 FIELD OF THE INVENTION 

[0001 ] The present Invention relates to a method for generating hydrogen gas by means of thermal decomposition 
or cracking of water as a directly treated ingredient and, specifically, employing only one reaction therefor. 

10 DESCRIPTION OF PRIOR ART 

[0002] Hydrogen is expected to be In much larger demand in the future as a source of clean energy, as H produces 
only water when H Is combusted. For the industrial utilization of hydrogen, reliable and consistent means of production 
of hydrogen must be obtained. 
15 [0003] As methods for the continuous production of hydrogen gas, conventionally were studied (1) a method for 
obtaining it by means of electrolysis of water and (2) a method for obtaining it by means of a thermochemicaJ cycle. 
[00041 From a view point of cost, however, it is impossible to apply an electrolysis method as mentioned above 
industrially in a country where the electricity cost or power rate is high, such as in Japan. 

[0005] Also with the method operating by means of the thermochemical cycle, though various lends of methods 
20 were proposed or practiced for by this means, as will be mentioned below, these methods still however have their 
respective problems. 

[Steam Reforming Method] 

25 [0006] According to this method, methane (or marsh) gas is reacted with steam (La, water vapor) which is heated 
to700°Cto800°C. 

[0007] With this method, however, there are problems in that the reacting temperature thereof is high and h is 
accompanied by discharge of carbon dioxide, which causes anathermal or temperature-elevating cfimatic effects (Le- 
the greenhouse effect) on the natural environment and further that it necessitates the use of a large-sized facility. 

30 

[Conversion Reaction of Carbon Monoxide] 

CXMH2OFCO2+H2 

6 10$$} the corwsrsion r^cfic^ mentioned above Is conducted by using a catalyst, such as iron oxide QFe&£ or a 
material being of a zinc oxide-copper group. Also, a report by M. Uniecki, et al.« describes the method In which NaY- 
type zeolite is used as the catalyst 

[0009] The conversion reaction using the conversion reaction of carbon monoxide, however has drawbacks in that 
the reacting temperature thereof is, Gke the electrolysis method, high, and in that it also is accompanied by discharge 
40 of carbon dioxide, similar to the above. 

[Direct Decomposhion of Water By Means of Trrferrous Tetroxide] 

[001 0] This is a method which was tried by NEDO wherein, as shown in Fig. 9, the method comprises eight proc- 
45 esses of an iron-steam typa The method has drawbacks in that the temperature associated with producing FeO from 
F63O4 by deoxidizing thereof is high, and that the apparatus for combining me reactions in a targe number of stages is 
complex. 

[Cycle of Halogen Group] 

so 

[0011] fig. 1 0 6hows a cycle for producing hydrogen gas, called UT-3 by Tokyo University, and it comprises the fol- 
lowing reactions in a large number of stages: 

CaBr2+H20=CaO+2HBr (700-750°C) 

55 

CaO+1/2Br 2 =CaBr+1/202 (500-600°C) 
Fe 3 04+6HBrte3FeBr 2 44H 2 0+Br 2 (200-300°C) 
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3FeBr244H20=F630 4 4€HBr+H2 (500-650°C) 

[001 2] This method also has drawbacks in that the reacting temperature is high, and the apparatus for combining 
the reactions in a large number of stages is complex 

5 

[iron-Bromine Cyde] 

[0013] The following equations show the cycle for generating hydrogen gas as conducted by Osaka Kogyo 
Research Laboratory. 

10 

SFeBr^HaCfcFesO^HBr+Hg (650°C) 

Fe304+8HBroFeBr4+4H20+Br 2 (to 200°C) 

15 S02+Br2+2H2O=H 2 S0442HBr <to80°Q 

H2S0 4 =H20+S02+1^02 (800-C) 

[0014] This method also has drawbacks in that the reacting temperature is high, and the apparatus for combining 
20 the reactions in a large number of stages is complex. 

[Oxide Cycle] 

[0015] The following is the cycle for producing oxygen gas, which was conducted by Los Alamos Research Labo- 
rs ratory, and of which was published a report teaching that the reaction proceeds up to 40 cycles, illustrated by the fol- 
lowing equations: 

(SrO)yUO(3-xH3-y)Sr(OH) 2 =Sr 3 U0 6 +(3-y-x)H20+xH 2 (550*0) 
so Sr 3 U06+{3-y)H2O=(SrO)yU03+{3-y)Sr(0H)2 (90°C) 

(SrOJyUQsofSrOJyUOp-xJ+x^Og (600°C) 

[0016] : 1^ 

35 a resource scar^ art 
[Cycle of Surfer Group] 

[0017] This refers to the cyde for producing hydrogen gas by combining the following reactions in a large number 
40 of stages thereof, however it is not clear that the experiment thereof was actually advanced or not 

H2O+a2=2HCI+1/02 (800°C) 

2Ha+S+Fea 2 =H 2 S+2FeCi 3 (100°C) 

45 

H2S=H2+1/2S 2 (800°C) 
2FeCi 3 =2FeCI 2 +Cl2 

so DISCLOSURE OF THE INVENTION 

[001 8] As is mentioned in the above, each of the technologies for producing hydrogen gas according to the conven- 
tional arts, excluding the electrolysis method, is typified by high reacting temperatures and combination of the reactions 
In a large number of stages, therefore the apparatus for it comes to be complex and large-scaled, and further the out- 
66 puts of these methods are accompanied by reaction products such as CO^ etc. 

[001 9] Accordingly, the present invention is created for the purpose of providing a method for generating hydrogen 
gas and an apparatus therefor, being low in cost and Ngh in efficiency, and having no accompanying reaction product 
such as CO^ etc 
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[0020] Namely, in the method tor generating hydrogen gas according to the present invention, the steam (water 
vapor) or water is contacted with a compound oxide of the sifica-aiumina group such as zeolite, etc, at a temperature 
equal to or higher than 30O°C and equal to or lower than 600°C. to divide or separate hydrogen thereby from molecules 
of water vapor or water molecules. 
5 [0021 ] The mechanism for separating hydrogen from molecules of water vapor or water molecules can be consid- 
ered to have the function of a solid acid, I.e., the catalytic function of the compound oxide of silica-alumina group, and 
It will be inferred by taking an example of zeotite, below. 

[Solid Catalytic Function of Zeotite] 

10 

[0022] Heat treatment of NKjY type zeolite, for example, causes it to become HY type zeolite at a temperature of 
250-300°C. as shown by the chemical equation below, and It exhibits the property of solid acid when continuously 
heated further. 

[0023] Through dissociation and recombination of protons bonding on the SK) (L&, point of Lewis acid] of the solid 
is add. hydrogen gas (H a ) is generated. 
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[0024] Other than the catalytic function mentioned above, ft may be considered that a reaction due to an electro- 
static field, a reaction involving metal halogenide or a deoxidization of metal oxide may participate in a complex manner, 
and this aspect will be addressed below. 

[Function due to Static Electric Field] 

[0025} In NaY type zeolite or NaX type zeolite (the NaY type has a ratio of SiC^ being larger than that of the NaX 
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type), Na* exists necessarily in the vicinity of (M0£ group In the crystal structure thereof. Exchanging this Na* (cation 
of mono(1 )-valence) with a cation of di{2)-valence or tri(3)-valence, shielding by the cation in the electrostatic field from 
the (AIO4)" group becomes small, therefore a strong electrostatic field is generated in the vicinity of the cation or the 
(Ara 4 )' groupi 

5 [0026] The strength of the electrostatic field at a distance 3 A from the cation of c5(2)-valence exceeds 1 V/A. H can 
be considered that ad molecule (HgO) is polarized due to the function of this strong electrostatic field, thereby readily 
leading to the reaction (HzOaHt+OW). 

[0027) This way of thinking or concept coincides with the facts that the NaY type zeolite, having more (AlOJ* 
groups, is higher in activity than that of the NaX type, that the cation of di(2>valence Is higher in activity than that of the 
10 cation of mono(l Walence, and that the size of the ion radius has an inverse relation to the magnitude of the activity. 
[0028] Further. In relation to the above, by exposing the molecules of water vapor to an atmosphere of plasma, for 
example a low temperature plasma which can be generated in the vicinity of room temperature and at ambient pres- 
sure, or by placing them in an atmosphere in which an electrostatic field Is formed, the admolecule Is excited and there- 
fore it can be considered that the division or separation of hydrogen (H+) is promoted or accelerated thereby. 

15 

[Reaction Upon Metal Halogenide] 

[0029] Within the porous structure of zeolite is absorbed metal halogenide of high activity. This metal halogenide 
(i.e., FeBr 2 , eta) causes an oxkiization-reduction reaction with water, thereby generating hydrogen gas (Hg). 

20 

[Deoxxlization from Zeolite] 

[0030] Zeolite is a compound oxide of the silica-alumina group. When the zeolite is heated in a reducing atmos- 
phere, the deoxkfization occurs. When being heated in the air, the visible color of the zeolite is orange, while H shows a 
25 color of dark-gray when being reduced in an H2 atmosphere. It is inferred that the reason for the dark-gray color is that 
omission or lack of oxygen atoms causes change in the crystal structure. 

[0031] When this zeolite having the dark-gray color (Le., deoxidized zeolite) is brought into contact with molecules 
of water vapor, the oxygen atoms of the water vapor molecules bond at the positions where the oxygen is omitted, and 
as a result of this hydrogen gas (H2) is generated. 
so [0032] Deoxkfization of the zeolite occurs with continuity when the heating is continued, thereby generating the 
hydrogen continuously, provided that the water vapor molecules are supplied or available thereto. 
[0033] Further, in the experiment using the orange-colored zeoTite, while the generation of hydrogen gas (H2) can- 
not be recognized initially, the hytfrogen generation comes to be remarkable once the color of the zeoTrte turns to the 

of direct thermal decorrposrtxon or cracMng of water according to the present invention, are in a tangle or are of a com- 
plexity differing in some way from the hypothesis, however they are considered and expected to be clearer in due 
course. 

[0035] Further, as an apparatus for obtaining hydrogen gas through the direct thermal decomposition or cracking 
40 of water as mentioned above, it is necessary to employ a steam generating means for generating steam or water vapor 
from water, a steam supplying means for sending the steam generated by the steam generating means, a compound 
oxide of the silica-alumina group, such as zeolite, being filled within a reactor, and a gas removal means for drawing out 
the oxygen gas generated within the reactor to an outside thereof. 

[0036] Also, as another type of apparatus for obtaining hydrogen gas through the direct thermal decomposition or 
45 cracking of water as mentioned above, it is necessary to employ a water supplying means for sending water directly into 
a reactor, a compound oxide of the silica-alumina group, such as zeolite, being filled within the reactor, and a gas 
removal means for drawing out the oxygen gas generated within the reactor to the outside thereof. 
[0037] As variations of the reactor, there can be considered a vertical type and a horizontal type In the case of the 
vertical type reactor, it is effective that the steam supplying means is connected to the lower portion of the reactor, while 
so the gas removal means Is connected to the upper portion thereof, and the water may be supplied directly from any- 
where. In the case of the horizontal reactor, ft is effective that the steam supplying means or the water supplying means 
Is provided by a pipe inserted into the reactor from one side thereof, while the gas removal means is connected to the 
other (opposite) side of the reactor. 

[0038] Further, for effectively generating hydrogen gas, ft is preferable to provide stirring means, so as to increase 
ss the chance of contact between the water vapor molecule or water molecule and zeolite (silica-alumina compound 
oxide). 

[0039] As the stirring means which can be applied to the vertical type reactor a stirring fin or vane can be consid- 
ered, for example, while as that which can be appfied to the horizontal type reactor, there can be considered a rotating 
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mechanism for causing the reactor to rotate around a horizontal axis thereof. 

[0040] Further, tor promoting separation of hydrogen atoms from the water vapor molecules or water molecules, it 
can be considered effective to cause the water vapor molecules or water molecules to be in an excited condition by 
using the influence thereupon of an electric field, and for that purpose H is possible to cause the inside of the reactor to 
5 be within or to contain an electric field, by means of connecting the reactor to an appropriate electric power source of 
high frequency. 

BRIEF DESCRIPTION OF THE DRAWINGS 
to [0041] 

Fig. 1 is a view showing an example of an apparatus for practicing a method for generating hydrogen gas according 
to the present Invention; 

is Fig. 2 is a view showing another example of an apparatus for practicing the method for generating hydrogen gas 
according to the present invention; 

Rg. 3 is a flow chart showing the steps of experiments described herein; 

so Rg. 4 is a graph showing relationships between Hz concentration (and CH 4 concentration) and the number of con- 
secutive reactions; 

Rg. 5 is a graph showing a relationship between the volume (ml) of H2 produced and the number of reactions; 

25 Fig. 6 is a graph showing a relationship between an area of CH4 measured by gas chromatography and the number 
of consecutive reactions; 

Rg. 7 is a graph showing a relationship between an area of H2 measured by gas chromatography and the number 
of consecutive reactions; 

30 

Rg. 8 is a graph showing a relationship between the number of consecutive reactions and Ha/CH4 and H 2 pro- 
duced; 

Rg. 10 is a view further showing a conventional therrnochemical cycle for continuous production of hydrogen gas, 
wherein reference numeral 1 indicates a steam generating apparatus, 3 and 10 indicate conduits, 5 indicates a pre- 
heater, 6 indicates a mass-flow. 7 and 22 indicate a reactor, 8 indicates zeolite, 9 and 31 indicate heaters, 1 1 1ndi- 
cates a bypass, 1 3 indicates a N2 trap, 14 indicates a suction pump, and 21 indicates a heat insulator case. 

40 

BEST MODE FOR CARRYING OUT THE INVENTION 

[0042] Hereinafter, embodiments according to the present invention will be fully explained with reference to the 
attached drawings. Rg. 1 is a view showing an example of an apparatus for practicing the method for generating hydro- 
45 gen gas accenting to the present invention, wherein a reference numeral 1 indicates a steam generating apparatus, into 
which is supplied N 2 gas as a carrier gas through a flow meter 2. 

[0043] To the steam generating apparatus 1 is connected a conduit or pipe 3 for leading out the generated steam 
or water vapor together with the carrier gas, on a passage of which are provided a separator 4. a pre-heater 5 and a 
masfrflow controller 6, and an end of the conduit 3 is connected to a bottom portion of a coiumrHike reactor 7 of a ver- 
so tical type. 

(0044] Within the reactor 7 is filled zeolite 6, as compound oxide of silica-alumina group, and around the reactor 7 
is provided a heater 9. Further, at an upper end of the reactor 7 Is connected a conduit 10 to which are provided a 
bypass 11 for sampling, a pressure meter 12 and a N 2 trap 13 to which a suction pump 14 is connected. 
[0045] Rg. 2 is a view showing another example of the apparatus, wherein the elements being common with those 
55 of the apparatus shown in Rg. 1 are assigned the same reference numerals thereto and the explanation thereof is omit- 
ted. 

[004$] In this apparatus, within a heat insulating case 21 which can be freely opened or closed, a reactor 22 made 
of metal in a cylindrical shape te positioned in a horizontal direction. To an inlet portion 23 of the reactor 22 is connected 
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a dud body 25, while to an outlet portion 24 thereof is connected a duct body 26. and thereby the reactor 22 Is rotataWy 
supported by duct bodies 25 and 26 through bearings 27... . 

[0047] Also, on a floor Is provided a motor M, and a chain 30 is provided connecting a driving sprocket 28 of the 
motor M and a sprocket 29 to be driven via the chain 30, sprocket 29 being provided on the duct body 25 mentioned 
6 above, and thereby the reactor 22 Is rotated by driving the motor M Further, within the heat insulating case 21 is pro- 
vided a heater 31 for heating the reactor 22. 

[0048] Within the duct body 25 mentioned above is held a metallic pipe 32 for supplying steam through an isolator 
or insulator of material such as Teflon, ceramic, etc., and to the pipe 32 is supplied the steam or water vapor being 
heated, through the mass-flow controller 6. And, a tip portion of the pipe 32 is positioned to be confronted inside the 
io reactor 22. and is formed with sIHs for spouting or emitting the steam therethrough. 

[0049] Here, the reactor 22 mentioned above is grounded (to the Earth), while the metallic pipe 32 is (electrically) 
insulated or isolated from the reactor 22. therefore each of them can function independently as electrodes for forming 
an electric field therebetween. In this connection, the reactor 22 functions as a cathode, while the metallic pipe 32 func- 
tions as an anode. 

15 [0050] Also onto the duct body 26 are provided, similarly to the apparatus shown in Fig. 1 , a pressure meter 1 2 and 
a N 2 trap 13 to which a suction pump 14 is connected. 

[0051 ] The apparatus illustrated in the above has such a structure that the water is introduced into the reactor under 
the condition of being changed or converted into steam or water vapor, however other structures in which the water is 
introduced directly are also applicant 
so [0052] Next, experiments A and B shall be described. Experiments A and B are conducted using the apparatus 
shown in the Fig. 1 , in accordance with the flow shown in Fig. 3. Further, three (3) Kinds of natural zeolites are utilized 
in those experiments. Results of analysis on the compositions are shown in the fbHowing table (TABLE 1). 



TABLE 1 



AO 



45 



50 



55 



Name of Constituent 


Sample 1 No heat treat- 
ment 


Sample 2 After heat 
treatment 


Sample 3 After heat 
treatment 


Sips 


65.6 


65.3 


67.9 


| AJ2O3 


17.8 


181 


16.5 


CaO 


435 


4.21 


4.63 




415, 


3.87 


3.48 


:; • - -V : 






: ;: :V•:rv. : ::•^j^^•::v•• : ••••v•.^? ; •^ 


NagO 


2.13 


195 


£13 


MgO 


1.68 


1.38 


1,16 


SO3 


0.694 


173 


1.55 


TK> 2 


0.500 


0.479 




MnO 


0.108 


0.101 


0.114 


P2O5 


0.067 


0.0427 


0.0736 


BaO 


0.0638 






SrO 


0.0220 


0.0171 


0.0142 


Zr0 2 


0.0197 


0.0161 




V2O5 


| 0.0128 






RbaO 


Trace 






ZnO 


Trace 






Y 2 0 3 


Trace . 






CI 


Trace 






NiC 


Trace 






AS2O3 


Trace 


0.0128 
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TABLE 1 {continued) 



Name of Constituent 


Sample 1 No heat treat- 
ment 


Sample 2 After heat 
treatment 


Sample 3 After heat 
treatment 




Trace 






Br 




0.109 


0.0464 


MnO 




0.101 


0.114 


Snpa 




0.0585 


0.0585 



[0053] The following table (TABLE 2) chows the results of experiment A, and from.the Information shown in mis 
table it is apparent that the generation of hydrogen gas can scarcely be acknowledged at 300°C, however the genera- 
tion of HaS can be acknowledged at 400°C, 500°C and 600°C, respectively. 
is [0054] Some of the measured values (pointers) are negative values. This phenomenon owes to the fact that the H 2 
concentration meter analyzes Kfe concentration by measuring the thermal conductivity of the gas, and therefore the 
measured value swings in the negative direction when there is H 2 S detected. 



SO TABLE 2 



(Volume% of Generated Hydrogen) 


Row volume of Steam 
(L/min) 


Temperature (°C) 




300 


400 


500 


600 


0.05 


•0.3 


Very Small Volume 




0.2-0.3 


0.1 


-0.2 


0.05-0.1 


Pointer in Negative 
Direction 




0.2 


-0.2 


Pointer in Negative 
Direction 


Pointer in Negative 
Direction 




0.3 


•0.2 






0.6 


riemarKs 




N^ative Direction. 
Sample is re-used 
which was used at 
300°C. 


F^r^irSe^^^ 
Direction. Sample is re- 
used which was used at 
300°Cand400°C. 




Experiment Condition: the mass-flow volume is constant; the reactor pressure constant from 360 to 380 Torn mass- 
flow temperature at 80*0; pure water temperature at 78*0; and values are measured by the hfe concentration meter. 



[0055] The following tables (TABLE 3 to TABLE 6) show the results of experiment B, wherein the generation of 
45 hydrogen cannot be acknowledged at the reacting temperature 300°C, however it can be acknowledged at the temper- 
atures 400*0, 500°C and 600*0, respectively. In particular, at the temperatures 400°C and 500°C, the difference 
between the pressures at the start and at the end thereof is larga Since this difference can be considered to be an 
increase in the pressure due to the separation of the water vapor into oxygen and hydrogen, it therefore can be consid- 
ered that a larger amount of hydrogen is generated than is indicated by the measured value generated by the concern* 
so tration meter. 



65 
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TABLE 3 



Start Pressure (Ton) 


End Pressure (Ton) 


Hydrogen Concentration 
<%) 


Oxygen Concentration (%) 


Smell 


600 


681 


-0.4 




No 


560 


567 


-0.4 


3 


No 


460 


462 


-0.3 


1.5 


No 


360 


362 


-0.39-05 


1.5 


No 


260 


259 


-0.2 


1-5 


No 


160 


160 


Very Small Change 




NO 


Remarks 






Inaccurate oxygen concentra- 
tion 




Experiment condition: reacting temperature Is 300°C, and the reaction time Is 60 minutes. 



TABLE 4 



25 


Start Pressure (Ton) 


End Pressure (Torr) 


Hydrogen Concentration 
(%} 


Oxygen Concentration (%) 


Smell 




660 


697 


a. -0.3 

b. 1.5 




A little 


30 


560 


563 


a -0.3 
b.1.5 


3 


No 






, ... -4$L... , : 


a <<L2 






35. 


360 


."'359 


aw>8*#i 


................ . 15 


; No 




260 






1.5 


No 




160 








No 


40 


Remarks 




a measured by H2 concen- 
tration meter. 

tx measured by concentra- 
tion meter of detector tube 
type. 


concentration data is inac- 
curate 




45 


Experiment condition: the reacting temperature Is 400*0, and the reaction time is 60 minutes. 



TABLES 





Start Pressure (Ton) 


End Pressure (Torr) 


Hydrogen Concentra- 
tion (%) 


Oxygen Concentration 
(%) 


Smell i 


65 


660 


672 


a -0.3 


0.8 


Smell of HeS 






b.1.5 
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TABLE 5 (continued) 





Start Pressure (Torr) 


End Pressure (Torr) 


Hydrogen Concentra- 
tion (%) 


Oxygen Concentration 
(%) 


Smell 


6 


560 


560 


a -0.4 
1x1.5 


1.4 


Smefl of H 2 S 




460 










10 


Remarks 




a measured by hfe 
concentration meter. 

b. measured by con- 
centration meter of 
detector tube type. 


concentration data is 
inaccurate. 




15 


Experiment condition: the reacting temperature is 50O°C, and the reactic 


n time is 60 minutes. 





TABLE 6 



Start Pressure (Torr) 


End Pressure (Torr) 


Hydrogen Concentra- 
tion (%) 


Oxygen Concentration 
(%) 


Smell 


660 










560 










460 


465 


a 1.2 


1.5 


Smell of HgS 


360 


365 


a 0.9 


1.5 


Smell of HgS 


260 


267 


a 1.3 


1.5 


Smell of HgS 


160 


177 


a 0.9 




Smell of HaS 


Remarks 




a measured by Hg . . 

to measured by con- 
centration meter of 
detector tube type. 


concentration data . is 
inaccurate. •' . ,w • 




Experiment condition: the reacting temperature Is 600°C, and the reaction time Is 60 minutes. 



[9056] From the experimental results shown in TABLE 1 through TABLE 6, it becomes apparent that the hydrogen 
is generated even at the reacting temperature being equal or less than 600*C, and that the higher the start pressure, 
the larger the volume of hydrogen being generated. 
45 [0057] Next, the volume of the hydrogen gas is measured while fixing the reacting temperature at 500 ff C or 600°C 
and as wed while changing the reaction time, respectively. 

[0058] In more detail, a sample is filled into the reactor, and then it is treated by heating under vacuum when the 
pressure reaches a predetermined vacuum pressure after the beginning of the reduction of pressure Thereafter, while 
closing a valve at the outlet side of the reactor, a valve at the inlet side thereof Is opened to introduce an N 2 gas mixture 
so (the carrier gas) and the steam or water vapor into the reactor, thereby conducting the reaction. Trie result of this is 
shown In TABLE 7 through TABLE 9, below. 

[0059] Further, In TABLE 7 through TABLE 9, trie petietized sample is a particle of the above-mentioned natural 
zeolite, produced in ftaya, being formed in several mm diameter particles after crushing thereof. 

55 
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TABLE 7 



6 


Sample 


Sample 

VoJ- 
ume{mL) 


Reacting 
Temp. 
(°C) 


Initial 
Pressure 
(Ton) 


Reac- 
tion 
Time 
(rnin) 


Number 
of Reac- 
tions 


Measured Result (V%) 


Remarks 
















Ha 




CH4 




10 


Palletized 
Sample 


450 


600 


Room 
Pressure 


30 


2 


(1) >0.5 

(2) >2 










Pallatized 
Sample 


400 


550 


Room 


120 


1 


(1)0.3 








15 

20 


Pelletized 
Sample 


400 


600 


Room 
Pressure 


120 


1 


(1)0.1 






meas- 
ured 
after 
sam- 
plina 3 
samples 




ZSM5 




600 


58 


100 


1 


(1)0.2 
(2)>1.5 








25 


Pelletized 
Sample 


400 


600 


Room 
Pressure 


120 


1 


(1)0.3 






meas- 
ured 
after 


3D 




















sam- 
pling one 
sample 






400 


600 


658 . 


30 


2 


(1)0.2 










ACT 


450 


600 


50 


100 


1 


(1)0.02 






























45 


Pelletized 
Sample 


450 


600 


Room 

Pressure 


180 


1 


(1)1:1 
(2)»2 








40 


Pefletized 
Sample 


200 


600 


Room 
Pressure 


60 


2 


(1)0.15? 
(3)0.14 




yes 


1 6t reac- 
tion: 
6min 


45 


Market 
Variety 
Sample 


200 


600 


Room 
Pressure 


120 


1 


(1)0.1? 






meas- 
ured 
after 
sam- 
pling one 
sample 


SO 














(2)»2 










Experimental process: fill sample _ reduce pressure _ bring to a predetermined vacuum _ heat treat under vacuum 
_ shut-off valve introduce gas mixture _ reaction _ measurement 



• Modes of measuring methods are as be)ow: 
(1 jttydnogen gas meter, 

(2) Gas detector tube, and 

(3) Gas chromatography. 
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TABLE B 



Sample 


Sample 
Volume 
(mL) 


Reac- 
ting 

Temp. * 
(*C) 


Initial 
Pres- 
sure 

<Torr> 


Reac- 
tion 
Time 
(mini 


HO. Of 
Reac- 
tions 


Koasured Result (VI) 


Remarks 


a. 






Pelletiz 
ed Sample 


20 D 


600 


425 


140 


1 




(3)7 


yea 




Market 
Variety 

Sample 
(No. 202) 




550 


450 


150 


1 


(3)0.36 


(3)0.3 
6 


yes 




Pelletiz 
ed Sample 


200 


dod 


&20 


1*0 


1 


(3)6. 3<i 




no 


alr,900*C f 
18h heat treat 


Pelletiz 
ed Sample 


400 


600 


10 { 


150 


1 


(3)3.9 


(3)5.3 


yes 


incl. water 

sample/ 

add water SmL 


Pel let iz 
ed • Sample 


180 


600 


S60 ; 


150 


1 


(1) 0.2- 
0.3 

(2) 0.5 

(3) 0.36 




no 


sir, 600'C 
15.5h heat 
treat 


Pelletiz 
ed Sample 


200 


500 


— ido" 


205 


1 


(1) 0 

(2) 1 
(3)0.55 


(3)0 


no 


alr,900*C, 
I8h heat treat 
600 •C, 8„ lOh 
after heat 
treat 


500 


C.05kg/c 
of 


200 


2 


(3)0.08 


(3)0 


no 


500 


560 


80 


3 


(3)0.07 


(3)0.0 
4 


no 


Pelletiz 
ed Sample 


200 


500 


560 


160 


i 


(1) 0.2- 

(2) 0.7 

(3) 0.08 




no 


air, 600*C, 

12 h heat treat 


Pelletiz 
ed Sample 


200 


500 


Vic 


120 


l 


(1) 0.03 

(2) 0.1 

(3) 0;O8 


(3)0.2 
9 


no 


500*C, H„ lOh 
heat' treat 


Pelletiz 
ed - Sample 


400 


500 


0.15fco/c. 
■P 












^mm^. -r: 

mixture gas at 
room temp. 


660 


190. 


2 


(1)0.3 
(3)0.1 


(3)0.1 
7 


no 


Introduce 
mixture ge* at 
reacting temp. 

1500'Cl 


630 


180 


3 


(1)0 
(3)0.07 


(3)0 


no 




610 


4o 


4 


(DO 
(3)0 




no 


introduce 
mixture gas at 
room temp. 



• Modes of measuring methods are as below; 



(l)rHydrogen gas meter, (2) Gas detector tube, and (3) Gas 
chromatography . 
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TABLE 9 



Sanple 
(pre- treatment 
condition, 
volume) 


Initial 
Pres- 
sure 
(TorrJ 


Pres- 
sure at 
Measure- 
ment 
( kg/an 1 ) 


Reac- 
tion 
Temp. 

rci 


Reac- 
tion 
Time 
(cxinj 


Measured Result 
(V%) 


Remarks 




H i 


°1 




600°C in Air + 
H„ 22SmL 


706 




500 


150 


0 


0.6 


0 




Sample after 

repeating 
reactions 4 
times for 12h 
at 500*C 4 
dipping in 
miter for 96h, 
200mL 


10 


-0.64 


500 


130 


1.27 


7 


yes 


11) no introduction of 
miicture gas. 
(2) about 7omL of 
water cooes out when 
sampling gas. 
(3} sampled gas is 
about 2QmL in volume 
at room temperature. 
(4) unknown peak 
exists at holding tome 
7.8 rain by gas 
chromatography . 




15 


0.71 


600 


130 


1.04 


6.55 


yes 


flows out. 

(2) aanpled gas is 
about lOaL in volume at 
coon temperature. 


SOO'C in Air + 
Hi, 225mL 


642 


1.74 


500 


120 


0.345 


0.247 


0 




500'C in Ait, 
22SmL 


j 560 


1.33 


500 


125 


0 








400*C in Air* 
225mL 


610 


0.98 


500 


120 


0.07 


?0 


very 
small 




400 Q C in Air ♦ 
H„ 225mL 


560 


0.66 


500 


120 


0.17 


0.56 


very 
small 




zeolite (YS- 
11), 300g 


■ 660, 


... v>2-. , t 


500 


30 


:; <>..72U 


"2. da 


., .yes •, 


v ^^.-^ypc.. ; .^,, 1 .,,J ,J 

r Si/Al-l 573 






500 . 


120 


0.67 


0.28 


yes 




Haw sample 4 
water 2SmL, 
2Q0mL 


10 


-0.75 


500 


150 


13.02 


4.64 


yes 


20mL in volume at room 
teaperature . 



45 



predetermined vacuum _ heat treat under vacuum _ shut-off valve 

_ introduce gas mixture _ reaction _ measurement. 

• All measurements are conducted by gas chromatography. 



so [0060] Based the results shown in TABLE 7. the hydrogen gas is confirmed to be equal to or greater than 2% In the 
concentration when the start pressure Is set at the room pressure. 

[00611 Also, from the results shown in TABLE 6 and TABLE 9 f even when the start pressure is set to be low, the 
hydrogen at extremely high concentration (i.e., 3.9% and 135%) is confirmed in the case where the water Is contained 
in fiie sample in advance. 

55 [0062] The reason (or obtaining hydrogen at the high concentration compared to that obtained by the other exper- 
imentfs). can be considered that, though the volume of hydrogen is small because the absolute volume of water in the 
supplied mixture gas (the saturated vapor pressure at 60 °C: 350 mmHg at the room pressure) is small in the other 
experiments), the generation volume however is improved greatly and significantly by adding water to siipersaturation. 
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Namely, it can be considered that hydrogen is generated due to the decomposition of the water among layers of strati- 
fied day minerals contained in zeolite, or of the water maintained in fine holes thereof, and further of the water molecule 
residing in the silica-alumina locally. 

[0063] From this, it can be inferred that the collecting rate or yield rate of hydrogen is further higher than that 
b obtained by conducting the reaction under high pressure and in an atmosphere of supersaturated vapor pressure. 
(0064] The measurement of the presence of CH* in the experiment mentioned above ts due to the possibility that 
the H2 detected may be generated by the reaction below with released carbon (C) contained in zeolite, but not gener- 
ated through the catalytic function of zeolite. 

10 . C+2H20*C02+2H2 

C02+4H2=CH 4 +2H20 

[0065] The fact that CH 4 is detected means that the above-mentioned reaction is possibility occurring. In response 
15 to this observation, a test under the condition detailed below was repeated twenty (20) times. 

[0066] Namely, a sample of 1 75g is filled in a reactor tube (inner volume: about 1 liter) and the temperature thereof 
is raised to 500°C. Thereafter, steam or water vapor at 1 00°C is introduced from a lower portion of the reactor tube, and 
after holding this condition for two (2) hours (with reaction pressure at about 1 .5 atmospheres), the reacted gas Is col- 
lected into a sampling bottle, to be analyzed by gas chromatography. The result of this test is shown in Figs. 4 to 8. 
20 [0067] Paying attention to the volume of the generated hydrogen, it Is seen to reduce gradually until the 10 th time, 
however it rises at the 1 1 th time and thereafter. On the other hand, the volume of CH4 te reduced after the 2 nd time and 
shows a value becoming roughly constant after the 10* time. 

[0068] Assuming that hfe production is caused by the released carbon (C) in the zeolite, this should show a value 
being about constant after the 1 1 th time, as the CH4 does. However, the tact that it does not show the constant value 
26 but rather that it rises means that H 2 can be generated by means of a factor other than the released carbon C. namely 
by the catalytic function of the zeolite. 

INDUSTRIAL APPLICATION 

so [0069] The method for generating hydrogen gas and the apparatus therefor, according to the present invention, can 
be applied to production of hydrogen for use as fuel in a fuel cell and for the production of ethanol, etc. 

Claims 

35 % Ametfiodfor^^ 

rated from water vapor molecules or water molecules by contacting the water vapor or water with a compound oxide 
being of a silica-alumina group at a temperature being equal to or greater than 300°C and equal to or less than 
600°C. 

40 2. A method for generating hydrogen gas through direct thermal decomposition of water, as defined in Claim 1, 
wherein said compound oxide being of the silica-alumina group Is zeolite. 

3. A method for generating hydrogen gas through direct thermal decomposition of water, as defined in Claim 1 or 2, 
wherein the* reaction separating said hydrogen Is conducted under pressure and in an atmosphere of supersatu- 

46 rated water vapor. 

4. An apparatus for generating hydrogen gas through direct thermal decomposition of water, comprising: 

a steam generating means for generating water vapor from water; 

so 

a reactor containing a compound oxide being of a silica-alumina group therein; 

a steam supplying means for sending the water vapor generated by said steam generating means into said 
reactor; and 

55 

a gas removal means for drawing out hydrogen gas generated in said reactor to an outside thereof. 
6. An apparatus for generating hydrogen gas through direct thermal decomposition of water, comprising: 
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a reactor containing a compound oxide of silica-alumina group therein; 

a water supply means for sending water into said reactor; and 

5 a gas removal means for drawing out hydrogen gas generated in said reactor to an outside thereof. 

6. An apparatus for generating hydrogen gas through direct thermal decomposition of water, as defined in Claim 4 or 
5, wherein said compound oxide being of a silica-alumina group is zeolite. 

10 7. An apparatus for generating hydrogen gas through direct thermal decomposition of water, as defined in any one of 
Claims 4 to 6, wherein said reactor is of a vertical type, said steam supplying means is connected to a lower portion 
of said vertical type reactor, and said gas removal means is connected to an upper portion of said vertical type 
reactor. 

is 8. An apparatus for generating hydrogen gas through direct thermal decomposition of water, as defined in any one of 
Claims 4 to 6, wherein said reactor is of a horizontal type, said steam supplying means is a pipe inserted into said 
horizontal type reactor from one side thereof, and said gas removal means is connected to an other side of said 
horizontal type reactor. 

20 9. An apparatus for generating hydrogen gas through direct thermal decomposition of water, as defined in any one of 
Claims 4 to 7, further comprising a stirring means for stirring the compound oxide of silica-alumina group. 

10. An apparatus for generating hydrogen gas through direct thermal decomposition of water, as defined in Claim 9, 
wherein said stirring means is constructed with a stirring vane in said vertical type reactor, while said stirring means 

25 is constructed with a rotation mechanism for rotating said reactor around a horizontal axis in said horizontal type 
reactor. 

1 1 . An apparatus for generating hydrogen gas through drect thermal decomposition of water, as defined in any one of 
Claims 4 to 1 0, wherein an electric field is formed in the inside of said reactor. 

so 




40 



45 



SO 



65 
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FIG.3 



| Fill Up Sample In Reactor | 



Heat Reactor At Target Temp. Of Experiment} 



Increase Temperature Of Mass-Row, 

Pure Water Container 
(Mass-How; 80°C, Pure Water; 77°C) 



Discharge Air At High Vacuum 
By RP.DP Pump OCT Torr) 



Transmit Water Vapor By 
Hz Carrier Gas (1 .2L/min.) 



Open Mass-Flow Valve 
(Row VqWL/min) 



[Reach At Target Temp] 



r 



Experiment A 
(Always Operate Diaphragm Pump) 

|A4just Pressure, Mass-Row Volume Rate I 



Experiment 8 
(Shut-Off Reaction Tube After 
Reaching At Preset Pressure) 

| Adjust Pressure | 



| Bring To Target Pressure, Row Rate 



I Bring To Target Pressure 1 



60 Mia Later, Measure 
Gas Concentration at 
Exit of Diaphragm Pump 



20 Min. Later, Shut-off 
Intel & Outlet Valves 

i 



60 Min. Later, Measure Gas 
Concentration at Exit of Diaphragm Pump 
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FIG. 8 
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FIG. 10 
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